As we move through the world, we often confront numerous stationary and moving obstacles that we must identify and avoid. To avoid these objects successfully, we must be able to judge their three-dimensional (3-D) motion relative to ourselves. Simultaneously, we must accurately judge our own direction of motion. For example, drivers on busy streets must judge their direction of motion and, at the same time, identify stationary and moving objects, such as pedestrians or other cars. To avoid collisions, a driver must also judge the direction of motion of the other cars and pedestrians. A rapidly moving observer (e.g., a driver of a car on a freeway) must quickly and accurately accomplish these judgments of heading and object motion. It is unclear, however, whether the brain performs these tasks in parallel, without requiring focused attention on one task or the other, or whether it accomplishes these tasks in series, performing shifts of attention to compute heading and 3-D object motion separately. Understanding the attentional requirements of heading and object motion perception can help to evaluate models of the neural mechanisms involved in computing these properties. In the present experiments, we examined how differential allocation of attention in dual-task procedures affects the ability to judge heading and 3-D object motion.
When a person moves in a straight line through a stationary environment, the images of object surfaces on the retina move in a radial pattern away from a single point, known as the focus of expansion (FOE), which corresponds to the observer's heading (Figure 1 ). Numerous studies have shown that observers judge their heading well in this situation (Crowell & Banks, 1993; Crowell, Royden, Banks, Swenson, & Sekuler, 1990; Cutting, Springer, Braren, & Johnson, 1992; Rieger & Toet, 1985; Royden, Banks, & Crowell, 1992; Royden, Crowell, & Banks, 1994; van den Berg, 1992; Warren & Hannon, 1988 . They perform best when the FOE is visible (Crowell & Banks, 1993; Warren & Kurtz, 1992) . Crowell and Banks (1996) have shown that the region around the FOE is the most informative region for judging heading. A moving object in the scene has no effect on the accuracy of heading judgments unless it obscures the FOE, in which case the presence of the moving object causes a bias in heading judgments Warren & Saunders, 1995; see also, Cutting, Vishton, & Braren, 1995) . This suggests that the FOE has particular importance in judgments of heading. In all of the above studies, however, observers performed only a single heading task and were free to focus their attention wherever needed. Land and Lee (1994) showed that drivers repeatedly return their gaze to the direction in which they are steering their car, which suggests that the most accurate judgments of heading may require focused attention by the driver. If the accurate computation of heading requires focused attention on the region around the FOE, then one would expect that an observer who is paying attention to another task would show a decline in ability to judge heading. On the other hand, if heading computation is a parallel process, performed without the requirement for the additional processing resources provided by When a person moves in a straight line through a stationary environment, the images of object surfaces move in a radial pattern away from a single point. This point, known as the focus of expansion (FOE), corresponds to the person's direction of motion. People judge their heading from image motion quite well in this situation. They perform most accurately when they can see the region around the FOE, which contains the most useful information for this task. Furthermore, a large moving object in the scene has no effect on observer heading judgments unless it obscures the FOE. Therefore, observers may obtain the most accurate heading judgments by focusing their attention on the region around the FOE. However, in many situations (e.g., driving), the observer must pay attention to other moving objects in the scene (e.g., cars and pedestrians) to avoid collisions. These objects may be located far from the FOE in the visual field. We tested whether people can accurately judge their heading and the three-dimensional (3-D) motion of objects while paying attention to one or the other task. The results show that differential allocation of attention affects people's ability to judge 3-D object motion much more than it affects their ability to judge heading. This suggests that heading judgments are computed globally, whereas judgments about object motion may require more focused attention. focusing attention on this task, then observers should be able to judge their heading even when allocating their attention elsewhere. The present experiments were carried out to determine which of the above possibilities holds true for human observers.
Many models that compute heading from retinal velocity have difficulty when moving objects are present in the scene, unless the objects can first be identified and discounted from the heading computation. For example, models that use information throughout the scene indiscriminately, such as template models (Hatsopoulos & Warren, 1991; Perrone & Stone, 1994) and error minimization models (Bruss & Horn, 1983; Heeger & Jepson, 1992) , would be adversely affected by the presence of a moving object (see Hildreth & , for a more complete discussion of models). However, models that identify moving objects in a scene often rely on knowledge of the observer's motion parameters. For example, some models use knowledge about the observer's heading to predict the expected flow field pattern and identify moving objects as any group of velocity vectors that are inconsistent with this pattern (see Thompson, Lechleider, & Stuck, 1993; Thompson & Pong, 1990) . This interrelationship between heading computation and 3-D object detection complicates the judgment of heading in the presence of moving objects. The problem is not insurmountable, however, and several models have been advanced for the computation of heading in the presence of moving objects. Hildreth (1992) showed how one could accommodate moving objects in the scene by extending a model first presented by Rieger and Lawton (1985) , based on the mathematical analysis by Longuet-Higgins and Prazdny (1980). Hildreth's model divides the visual scene into small regions and computes heading estimates for each of these regions simultaneously. The heading that is consistent with the image motion in the majority of these regions is identified as the observer's heading. Regions with motion inconsistent with the identified heading are considered to be moving objects. This computation can easily be done in parallel across the visual image; so, if such a mechanism were used by the visual system, one would not expect the focus of attention to matter in the judgment of heading. Warren and Saunders (1995) adapted a template model to account for their data on observer motion in the presence of moving objects. Their model uses template cells that recognize the radial flow patterns generated by different observer translational motions. By weighting the influence of velocity information near the FOE more strongly than that of more peripheral regions, the influence of moving objects on heading judgments is reduced, as long as the moving object is sufficiently distant from the FOE. This model can also compute heading in parallel, so one would expect that such a mechanism would not be affected by shifting attention.
A third type of model was suggested by Royden and Hildreth (1996) . This model first estimates the observer's heading on the basis of all the velocity information in the scene. This initial estimate can be somewhat biased by the presence of moving objects. The model then revises its heading estimate using only information in the region around the first estimated FOE. This allows fine tuning of the initial estimate, and, if the moving object does not obscure the FOE, the image motion associated with the object will not affect the second heading estimate. Such a model, in which heading is computed by sequential estimates of the location of the FOE, might require the allocation of extra computational resources to that region The cross in the center is the fixation cross that the observers were asked to fixate during each trial. The borders of the moving object are shown for clarity but were not present in the display. The object was defined only by the motion of the dots. Each dot represents a point in the scene, and the line extending outward from the dot is proportional to the speed and direction of the image motion for that dot.
for accurate heading estimates. If so, one would expect that the observer's focus of attention could have a significant effect on heading judgments.
In this study, we examined the effect on heading judgments of requiring the observer to perform an additional task: judgment of 3-D object motion. We investigated the effect of shifting attention by testing how well people perform these two tasks simultaneously, when paying attention only to one or the other.
EXPERIMENT 1 Judging Heading and 3-D Object Motion
In Experiment 1, we tested whether differential allocation of the observers' attention affects their ability to judge heading and 3-D object motion accurately in a dualtask experiment.
Method
We used a computer-controlled display of moving random dots to simulate observer motion toward two transparent frontoparallel planes with an opaque object moving in front, as shown in Figure 1 . This display was nearly identical to that used in previous experiments . In each trial, lasting 0.4 sec, the computer simulated motion toward the two transparent planes at distances of 400 and 1,000 cm from the observer at the beginning of the trial. The stimulus was presented within a 30º ϫ 30º window, and dots moving out of the window disappeared from the screen. The two planes consisted of 500 dots at the beginning of each trial; each dot consisted of 1 pixel on the monitor, subtending 3.6 arc min. The stimulus simulated observer motion toward the scene with a speed of 200 cm/sec in 1 of 12 directions that deviated from a straight line toward the center of the screen by the following amounts: 4º, 6º, 8º, or 10º horizontally combined with 0º, +2º, and Ϫ2º vertically. All headings were to the right of a central fixation cross, which the observers were asked to fixate during each trial. The opaque object was centered at 10.5º to the left of center at the start of each trial and moved at 8.1º/sec horizontally to the right. To eliminate size and density cues, the starting size was randomly selected between 7.6º and 9.0º on a side. The density was varied at random between 0.67 and 0.97 dots/deg 2 . In one condition, the object moved purely horizontally with respect to the observer; its simulated motion in the world was the sum of the observer's simulated velocity plus a horizontal component. Thus, its image on the monitor did not change size during the trial. In the second condition, a component of motion in depth of 1.5 times the additional horizontal component was added to the object motion, so that it came closer to the observer and its image expanded over the course of the trial. These two conditions are shown schematically in Figure 2 . The observers viewed the display monocularly at a distance of 30 cm in a darkened room. The stimuli were generated by an Apple Quadra 950 and presented on an Apple 21-in. monitor. Stimulus frames were drawn at a rate of 25 Hz. Each condition (12 headings ϫ 2 object motions) was presented 10 times for a total of 240 trials per run of the experiment. No feedback was given.
We used two tasks in this experiment. In the heading task, at the end of each trial, the observers were required to move a cursor to the position on the display that corresponded to their perceived heading, which was always simulated to the right of a central fixation point. In the object task, the observers were required to judge whether the moving object, which was in the left half of the stimulus, had a component of motion toward the observer (and thus was expanding) or whether it moved parallel to the image plane of the monitor (and thus remained a constant size). We tested observer responses in four conditions: (1) The observers performed only the heading judgment task; (2) the observers performed only the object motion task; (3) the observers performed both tasks after each trial, but they were instructed to pay attention to the object motion task and do as well as possible on this task; (4) the observers performed both tasks, but they were instructed to pay attention to the heading task and perform as well as possible on that task. The stimuli were identical in all four conditions. The observers were tested on the single-task conditions first, followed by the dual-task conditions. The order of the two conditions within each group (single-or dual-task) was randomized across observers. We tested 6 observers in this experiment. Two were experienced psychophysical observers and had knowledge of the hypotheses being tested. The other 4 were volunteers who were paid to participate in this study and were naive to the hypotheses being tested. Three of these were experienced in psychophysical experiments on heading judgments, and the 4th was experienced in other visual psychophysical studies but had not previously participated in studies of heading judgments.
Results
The results of Experiment 1 are diagrammed in Figure 3 . Because the horizontal heading error was similar for all three vertical headings, the vertical heading data were combined so that only the horizontal headings are shown. Thus, each data point in Figure 3A represents the horizontal heading response averaged for 6 observers each performing the task 60 times (3 vertical headings ϫ 2 object conditions ϫ 10 trials/condition). The accuracy on the object task did not vary much for the different simulated headings, so the data in Figure 3B show the percent correct averaged for the 6 observers each performing the task 240 times (12 heading conditions ϫ 2 object conditions ϫ 10 trials per condition). The observers performed very well on each task when performed alone, achieving a level of 92.6% correct responses for the object task (shaded bar in Figure 3B ) and an average error of 1.3º in the heading task (open circles in Figure 3A ). The observers showed a slight central bias in heading judgments, as has been seen in previous experiments (Cutting et al., 1992; Johnston, White, & Cumming, 1973; Llewellyn, 1971; Warren & Saunders, 1995) . When performing both tasks, the observers continued to judge heading well both when they paid attention to the heading task (average error ϭ 1.5º; filled triangles in Figure 3A ) and when they paid attention to the object task (average error ϭ 1.6º; filled squares in Figure 3A) . As can be seen in the graphs, there was little difference in heading responses in both these conditions. While the central bias appeared to be slightly higher in the dual-task conditions, a two-way analysis of variance (ANOVA), using multivariate repeated measures design with a Greenhouse-Geisser correction (Geisser & Greenhouse, 1958) , comparing all of the conditions for which there was a heading task showed that the difference was not significant [F(2,60) 
In contrast, in the dual-task conditions, the observers performed well on the object task only when paying attention to this task, responding correctly on 87.2% of the trials in this condition (solid bar in Figure 3B ). When paying attention to the heading task, the observers' accuracy on the object task fell dramatically to 63.4% correct (hatched bar in Figure 3B ). An ANOVA of these results showed a significant effect of attention [F(2,15) ϭ 26.5, p < .0005]. Planned comparisons showed a significant difference between the two dual-task conditions [attend object vs. attend heading, F(1,15) ϭ 31.06, p < .001] but no significant difference between the single-and dualtask (attend-object) conditions [F(1,15) 
The variation in results for the object task in the different attention conditions indicates that the observers shifted their attention when instructed to do so, and they were unable to perform the object task well when not paying attention to it. This suggests that the judgment of object motion is a "resource-limited" task-that is, it is sensitive to the amount of resources allocated to the task (Norman & Bobrow, 1975) . On the other hand, the results for the heading task indicate that the visual system calculates heading accurately even when the observer is not directly attending to that task. This task can be described as "datalimited" (Norman & Bobrow, 1975) .
EXPERIMENT 2 Limited Viewing Window for Heading
The results of Experiment 1 are surprising. Because both tasks involve judgments of the relative motion between the observer and a surface, one might expect that performance on the two tasks would deteriorate symmetrically when attention is shifted away from each. One difference between the heading task and the moving object task in Experiment 1 is the spatial extent of the visual information that observers can use to solve the task. The information for the heading task fills a window that is 30º ϫ 30º and is present everywhere except in the region containing the moving object. Consequently, there is much information about heading in both the left half and the right half of the visual field. However, information about the object task is limited to the small region (about 8º ϫ 8º) in the left half of the visual field. Conceivably, when we instruct observers to attend to a particular task, they may localize their attention spatially. Thus, they might attend to the left half of the visual field when attending to the object task and attend to the right half of the visual field when attending to the heading task. Because there is information about heading in the left half of the visual field, observers might make use of this information to compute heading while attending to the object task. There is no information about the object in the right half of the visual field, so observers could not use the same strategy to compute the object motion while attending to the heading task. In Experiment 2, we examined this possibility by removing the heading information in the left half of the visual field.
Method
Experiment 2 was identical to Experiment 1 except that the dots associated with the heading task were confined to the right half of the visual field. The window for the heading scene was therefore 15º wide and 30º high, extending from the center of the screen to the right, as shown in Figure 4 . The number of dots in the heading scene was reduced by a factor of 2, so that the dot density remained the same as that for Experiment 1. The object was present in the left half of the visual field and moved across a blank screen. The tasks were the same as in Experiment 1. Five subjects from Experiment 1 participated in Experiment 2. Figure 5 shows the results of Experiment 2. The observers performed the heading task alone very well (average error ϭ 0.4º). The horizontal heading data have been averaged over the three vertical headings as in Experiment 1. There was a slight decrease in heading accuracy when the observers performed two tasks relative to when they performed the heading task alone. However, there was essentially no difference in heading judgments when the observers shifted their attention from the heading task (average error ϭ 0.90º) to the object task (average error ϭ 1.1º). An ANOVA, using repeated measures with the Greenhouse-Geisser correction, showed a nearly significant effect of condition for the three different tasks [F(2,48) ϭ 4.49, p < .052]. Planned comparisons showed a significant difference between the single-and dual-task (attend-heading) conditions [F(1,48) ϭ 6.012, p < .05]. There was no significant difference between the two dualtask conditions [F(1,48) 
Results
For the object task alone, the observers were very accurate (96.8% correct). When performing both tasks and attending the object, the observers' accuracy fell slightly (to 89% correct). As in Experiment 1, allocation of attention to the heading task caused a marked decrease in accuracy (to 74.5% correct). An ANOVA showed a significant effect of attention condition [F(2,12) ϭ 12.64, p < .03]. Planned comparisons showed a significant difference between the two dual-task conditions [F(1,48) ϭ 10.35, p < .03]. There was no significant difference between the single-task condition and the dual-task condition in which the observers attended the object task ( p > .1). So, as in Experiment 1, different allocation of attention affected judgments of object motion more dramatically than it affected judgments of heading.
EXPERIMENT 3 Heading Window Limited to an 8º ϫ 8º Square
While Experiment 2 eliminated the possibility that the differences seen for the heading task and the object task were due to a spatial localization of attention, the heading task in Experiment 2 still had more spatially extended visual information in the stimulus than the object task. The heading task had a large viewing window (15º ϫ 30º), containing 250 moving points. The moving ob- ject, on the other hand, was a square subtending between 7.6º and 9.0º on a side, with between 39 and 78 dots. The larger number of dots and larger viewing window provides more information about the heading task than the moving-object task. This difference could lead to the differing attentional effects in the two tasks. To examine this possibility, we reduced the heading window to an 8º ϫ 8º square.
Method
Experiment 3 was identical to Experiment 1 except that the size of the clipping window for the heading task was reduced to an 8.0º ϫ 8.0º square, positioned with its center at 7º to the right of the fixation point, as shown in Figure 6 . Thus, it was centered over the simulated headings. The dot density remained the same as that for Experiment 1, with an average of 36 dots visible at the beginning of the trial. The moving object was the same as in Experiment 1 and moved over a blank screen in the left half of the visual field. All other parameters were the same as in Experiment 1.
Results
The results of Experiment 3 were similar to those of Experiments 1 and 2, as diagrammed in Figure 7 . The observers performed well on the heading task alone, with an average error of 0.4º. When performing both tasks, their performance level dropped slightly, with an average error of 0.9º when attending the heading task and 1.2º when attending the object task. Again, there was a slight increase of the central bias for the dual-task conditions over the single-task condition. An ANOVA showed a significant effect between the three conditions [F(2,48) ϭ 9.77, p < .01]. Planned comparisons showed a significant difference between the single-and dual-task (attendheading) conditions [F(1,48) ϭ 10.426, p < .05], but no significant difference between the two dual-task conditions [F(1,48) 
For the object task, as before, an ANOVA showed a significant effect of condition [F(2,12) ϭ 58.10, p < .001]. The observers responded with 97.8% correct for the object task alone and 93.3% correct when performing both tasks and attending the object task, with no significant difference between these two conditions, as shown by planned comparison [F(1,12) ϭ 3.31, p > .12 ]. Observer accuracy dropped to 72.8% correct when performing both tasks and attending the heading task, which was significantly less than the accuracy for the object task when the observers did both while attending the object [F(1,12) ϭ 68.75, p < .001]. So, even when the stimuli cover similar spatial extents, we still see a difference in the effect of different allocations of attention on the heading task and the object task.
EXPERIMENT 4 Short-Duration Task
The results of Experiments 1-3 show that people's judgments of heading are only minimally affected when allocating their attention elsewhere. In these experiments, the duration of the trials was 0.4 sec. This duration was chosen to be long enough for observers to make accurate heading judgments (Crowell et al., 1990) . This time allows a considerable amount of computation to occur within the visual system. Furthermore, the observers may be able to complete one task and then shift their attention to the other within this time. Therefore, the question arises as to what effects the observer's differential allocation of attentional resources might have for shorter presentation times. Shortening the presentation time could have the effect of making the task more difficult and thus increasing the computational load for processing the visual information. Alternatively, if observers are shifting their attention between the two tasks, the shorter time should not allow this. If either of these is the case, one might expect to see an effect of attentional allocation in this condition. We carried out Experiment 4 to examine the temporal properties of heading judgments for different allocations of attention.
Method
Experiment 4 was identical to Experiment 1 in all respects except for the trial duration, which was reduced to 0.2 sec. Figure 8 shows the results of Experiment 4. At this short duration, the observers still performed the heading task well when doing that task alone, with an average error of 1.3º, although this was slightly worse than for the 0.4-sec duration. When performing both tasks and attending the heading, performance was similar, with an average heading error of 1.5º. However, when performing both tasks and attending the object, performance on the heading task deteriorated somewhat, with an average heading error of 2.1º. An ANOVA showed a nearly significant effect of condition [F(2,48) ϭ 4.15, p < .07] and a significant interaction between the attention condition and the simulated heading [F(6,48) ϭ 12.82, p < .01]. This interaction can be seen as the marked decrease in the slope of the response curve for the dual-task attend-object condition. So, unlike the previous experiments, the heading task appeared to be affected by differential allocation of attention for this short-duration experiment.
Results
Results for the object task were similar to those of Experiment 1, with a significant effect of condition [F(2,12) ϭ 70.4, p < .0005]. The observers responded with 91.3% correct for the object task alone and 88.5% correct when performing both tasks and attending the object. This difference was not significant [F(1,12) ϭ 1.32, p > .2]. When performing both tasks and attending head- ing, response accuracy dropped to 64.7% correct, significantly below the accuracy for the dual-task attendobject condition [F(1,12) ϭ 93.2, p < .0005].
EXPERIMENT 5 Two-Alternative Forced Choice for Heading
The question arises whether the difference in results between the heading and object tasks in Experiments 1-3 could be attributed to differences between the two response paradigms. One might argue that placing a cursor at the end of a trial (as in our heading task) is a more difficult task than responding with a buttonpress in a twoalternative forced choice (2AFC) task (as in our object task). If this were the case, then the heading task might draw more mental resources away from the object task than the reverse. In Experiment 5, we sought to make the observer responses for the two tasks as similar as possible by using the 2AFC task devised by Hannon (1988, 1990) to measure the accuracy of the heading judgments.
Another important factor in measuring the effects of attentional allocation in dual-task experiments is the relative difficulty of performing the two tasks. In Experiment 4, the heading task was somewhat more difficult than that in Experiments 1-3 because of the shorter duration. The results suggest that this increase in difficulty begins to affect observers' accuracy in judging heading when attentional resources are allocated elsewhere. To further examine this, we varied the difficulty of both the heading and the object tasks in Experiment 5.
Method
The stimuli in Experiment 5 were identical to those in Experiment 1, except that a vertical line appeared at the end of each trial. For each trial, the horizontal heading was chosen at random between the limits of 4º and 10º to the right of the fixation point, and the vertical heading was chosen between the limits of ±2º from the horizontal midline. At the end of each trial, a vertical target line was placed 1º, 2º, or 3º to the left or right of the simulated heading, with the 1º target offset being the most difficult condition and the 3º offset the easiest. In the experimental runs that required a heading judgment, the observers indicated with a buttonpress whether their heading was to the left or right of the vertical line. To vary the difficulty of the object task, we varied the magnitude of the component of motion in depth with respect to the observer. In separate runs of the experiment, this component was 1, 1.5 (as in Experiments 1-4), or 2.0 times the magnitude of the horizontal component. A fifth attentional allocation condition was added in which the observers were instructed to pay equal attention to both the object and the heading tasks. This was added for the purpose of constructing the performance operating characteristics (POCs) described below. In each run, each of the 12 conditions (3 target offsets ϫ 2 target line directions ϫ 2 object conditions) was repeated 10 times for a total of 120 trials. Two of the observers from Experiment 1 and 3 new naive observers participated in this experiment. Two of these had not previously participated in psychophysical experiments.
Results
The six graphs in Figure 9 show the results of Experiment 5. Each bar shows the percent of correct responses averaged over the 5 observers and the 120 trials in each run of the experiment. The graphs in Figures 9A, 9C , and 9E show the results for the heading task in the hard, medium, and easy object task conditions. Each graph shows the result for three target offsets, with the 1º offset being the most difficult and the 3º offset being the easiest. The gray bars show the percent of correct responses for the heading task alone. The black, checked, and striped bars show the results for the dual-task attendheading, attend-both, and attend-object conditions, respectively. Examination of the data reveals a small decrease in accuracy between the single-task (gray bars) and dual-task (black bars) conditions in nearly all the levels of difficulty except for the easiest conditions for both the heading and object task ( Figure 9E, 3º offset) . For the majority of conditions, there was little difference in accuracy between the dual-task conditions, whether the observer attended the heading task (black bars), both tasks (checked bars), or the object task (striped bars). A threeway ANOVA (repeated measures, using the GreenhouseGeisser correction), with heading-task difficulty, objecttask difficulty, and attention condition as factors, showed that only the difficulty of the heading task had a significant effect [F(2,144) ϭ 45.43, p < .005].
Results for the object task are diagrammed in Figures  9B, 9D , and 9F for the difficult, medium, and easy object task conditions. The gray bars show results for the object task alone. The black, checked, and striped bars show the results for the dual-task attend-object, attend-both, and attend-heading conditions, respectively. The data show that there was little difference between the single-task and the dual-task attend-object conditions in any of the experiments. In contrast to the heading results, there was a consistent decrease in the percent of correct responses, with the dual-task attend-object condition (black bars) giving the most accurate responses, the dual-task attend-both condition (checked bars) giving an intermediate level, and the dual-task attend-heading condition (striped bars) giving the worst accuracy. A three-way ANOVA showed significant effects for object difficulty [F(2,144) Planned means comparisons showed a significant difference between the dual-task condition in which the observers attended the object and the dual-task condition in which they attended heading [F(1,144) ϭ 69.39, p < .0001].
Thus, the basic result of Experiments 1-3 holds for all of the combinations of difficulty shown here. The object task shows a significant decrease in accuracy when attention is allocated away from the task, whereas the heading task shows remarkably little effect of different attentional allocations.
DISCUSSION
With these experiments, we tested the effect on heading and object-motion judgments of asking observers to attend one task or the other in a dual-task experiment. The results suggest a small effect of going from the single- task condition to the dual-task conditions, particularly in the heading task. More importantly, in the dual-task conditions, there was a large effect of shifting attention for the object task, but very little effect for the heading task.
Comparison of the heading results of the single-task condition with those of the dual-task condition in which the observers attended heading, reveals a small, consistent decline in heading accuracy when the second task is added. The same is true for the object task. These decreases were statistically significant in some of the conditions tested (Experiments 2 and 3) . The consistency of the decline across all five experiments suggests that it is meaningful. An ANOVA of the combined data from Experiments 1-4 showed a significant difference in heading results between the single-task condition and the dualtask attend-heading condition [F(1,160) ϭ 4.99, p < .03]. A similar significant result was found for the object task when comparing the combined results of the singletask with the dual-task attend-object condition [F(1,37) ϭ 6.66, p < .05]. Thus, as one might expect, there was a small effect on both tasks of adding a second task to the experiment.
A more interesting observation comes from comparing the results of the different attentional states for the dual-task conditions. The results of our experiments show that, for these dual-task conditions, heading judgments remain accurate even when the observer pays attention to the object task. In contrast, the observers could not judge the 3-D direction of object motion when not paying attention to this task. One way to visualize this difference clearly is to generate graphs of the attention operating characteristic (AOC), also known as the POC curves (Norman & Bobrow, 1975; Sperling & Dosher, 1986; Wickens, 1992) . These graphs plot the percent correct for the heading judgments against the percent correct for the object judgments as the observers change their attentional allocation. Figure 10 shows these graphs for the data from Experiment 5. Clearly, in the dual-task condition, the curves are nearly horizontal for almost all the conditions tested. This means that the accuracy of heading judgments is not affected much by different allocations of the observer's attention, but that the accuracy in the object task is strongly affected. In the terms used by Norman and Bobrow (1975) , the heading task is data limited, meaning that the accuracies do not improve with increased attentional resources. On the other hand, the object task is resource limited, with the accuracy depending strongly on the attentional resources allocated to the task. The one exception to this analysis is for the case in which the most difficult heading task is combined with the most difficult object task. In this case, shown in Figure 10C , when both tasks are near threshold (around 70% correct), we see a more symmetrical effect of differential allocation of attention. The form of this graph is generated by a single data point, for the case in which observers are performing both tasks while attending heading. In this condition, the observers performed slightly better than expected on both tasks. It would be a mistake to draw any strong conclusions on the basis of a single data point, but the behavior of observers in these tasks when they are near threshold deserves further investigation.
The fact that differential allocation of attention does not greatly affect heading judgments for the dual-task conditions is unexpected. Land and Lee (1994) showed that drivers frequently center their gaze in the direction they are steering, which suggests that it is important to look where one is going for successful navigation. However, they also point out that the steering task allows for considerable time-sharing with other tasks, such as viewing the scenery, since the drivers' gaze frequently veered from the road, especially during straight portions of the route. Previous experiments with airline pilots in flight simulators have shown that increase in workload has a decided effect on the pilot's ability to maintain an accurate flight path (see, e.g., Raby & Wickens, 1994) . It is difficult to compare the results of those experiments to ours, because there are so many factors in the tasks the pilots must perform in the flight simulator: judgments of heading, accurate control of the plane to maintain a desired heading, conversations with air traffic control, filling out written reports, and so on. Pilots almost certainly are not always looking at the visual stimulus to gauge their heading as they perform these different tasks. Therefore, one cannot say with certainty which factors affect the pilot's performance, or which part of the performance is affected (e.g., the lack of ability to keep on an accurate flight path could result from inaccurate judgments of heading or from inability to perform the motor task well when attention is diverted elsewhere). Our experiments examined one small piece of this puzzle. Because the observers fixated a central cross, the visual stimulus was the same for all the conditions tested within each experiment, and the observers were not required to maintain a particular course but were asked simply to report their perceived heading. Furthermore, we measured heading judgments only for observer motion in a straight line, so it is possible that the curved trajectories used in Raby and Wickens and Land and Lee may require more attention for accurate perception. Our results suggest that, assuming the observers are looking roughly in the direction they are traveling, the accuracy of their heading judgments for motion in a straight line is minimally affected by different allocations of attention. The fact that we saw a small, but consistent, effect on heading judgments of changing between single-and dual-task experiments suggests that adding extra motor tasks may affect the ability to perceive or report headings accurately. If so, one might expect the allocation of attention to affect the ability of an observer to maintain a given trajectory, as seen in the Raby and Wickens study. This remains to be tested.
Differences Between Heading and Object Tasks
The lack of symmetry in the heading and object task results is somewhat surprising because, in many respects, the tasks are rather similar. They both require the observer to make a judgment regarding his or her own motion relative to an object or scene. Thus, we expected that if an observer's allocation of attention affected one task, it would likely affect the other in the same way. The fact that differential allocation of attention affected the object task more dramatically than the heading task led us to examine some of the differences between the two stimuli and tasks. With Experiments 2-5, we were able to rule out the spatial position of information about the task, the amount of information present in the stimulus, the type of response (2AFC vs. cursor placement), and the difficulty of the task as critical differences responsible for the differing results.
We do not know why attention affected the two tasks differentially; however, several possibilities remain. One possibility is the difference in the overall direction of motion of the scene and the object relative to the observer. The simulated motion of the observer is nearly straight toward the scene, whereas the simulated motion of the object is oblique. Crowell and Banks (1993) pointed out that observer thresholds for discriminating headings are much higher for oblique motion than for more forward motion. One might conclude that the moving-object task is more difficult than the heading task because of the oblique motion of the object relative to the observer, which leads to the deterioration of accuracy on that task when the observer shifts his or her attention away. This seems unlikely for several reasons. First, the angular difference between the horizontal object motion and the motion of the object as it approached the observer was large, at 63º in Experiments 1-4. This is over twice the threshold for detecting a difference in heading direction at oblique angles reported by Crowell and Banks (1993) . In our experiments, observer accuracy on the object task when performed alone was very high-a fact that supports our argument that the two motions were well above threshold for discrimination. This fact weighs against the argument that the moving-object task was more difficult than the heading task in Experiments 1-4. Furthermore, in Experiment 5, we varied the difficulty of both the object task and the heading task. With the exception of a single data point, for the case in which both tasks were performed near threshold, the object task was greatly affected when the observers shifted their attention away from the task, whereas the heading task was affected much less. Thus, the relative difficulty of the two tasks cannot account for our results. It is still possible that oblique directions of motion are more susceptible to shifts of attention than is forward motion. This possibility remains to be tested in future experiments.
Another difference between the moving-object task and the heading task is that the object borders changed position over time, whereas the heading window stayed in one place. Perhaps this change in position of the object borders caused the visual system to process the information differently than the information from the heading window. One problem often occurring for computational models of human heading is how to determine which image motion vectors are associated with moving objects and which are associated with the stationary scene.
Perhaps this change in position acts as a cue to the visual system that the motion belongs to a moving object. This idea remains to be tested.
Temporal Properties
In Experiment 4, we tested the effects of the observers' focus of attention using a very short presentation time for each trial. We found that, in this condition, the observers' heading judgments did deteriorate somewhat when their attention shifted away from that task, as shown by the decrease in the slope of the response curve for the heading task when the observers attended the object task. There are several possible reasons for the differences in results between this experiment and the other experiments. One possibility is that the observers could make a rapid judgment of the 3-D object motion and then shift their attention to the heading task in Experiments 1-3. In Experiment 4, the decreased amount of time did not allow this. One argument against this interpretation is that if observers accomplished their accurate results for heading by shifting their attention, one would expect them to do the same for the object task. Thus, one would also expect good results for the object task when attending heading. Another argument against this interpretation is that the observers were instructed to attend to the heading or the object throughout the trial. The observers reported that they followed this instruction and did not consciously shift their attention.
A second possible explanation for the deterioration in heading accuracy in Experiment 4 is that the heading task is harder for the shorter duration stimulus, and, therefore, it is more sensitive to the differential allocation of attention. We did not see this effect when the difficulty of the heading task was varied in Experiment 5 by changing the position of the target line with respect to the simulated heading; however, it is conceivable that manipulating the difficulty by different methods could lead to varied results.
Another possible reason for the results in Experiment 4 is that accurate heading judgments could require more temporal integration time if observers are not actively attending to the heading task. In this scenario, a certain level of computational resources would be available to the heading task at all times, irrespective of the focus of attention of the observer. Focusing one's attention on the heading task would be akin to allocating more computational resources to that particular task. The extra resources may allow more rapid computation of heading than the baseline mechanisms. Thus, for very short durations, the focused attention state would allow accurate heading computation, whereas the baseline mechanisms would compute a coarser heading estimate. As the computation time is increased, the baseline mechanisms could further refine the initial heading computations to obtain a more accurate heading judgment.
Reaction time studies might be one way to address some of these issues. It is possible that, in Experiments 1, 2, 3, and 5, the observers were able to maintain a high accuracy in heading judgments by allowing more processing time when they attended the object task. A longer reaction time would allow more processing resources to be devoted to the heading computation. The results of Experiment 4 could be a reflection of the need for longer processing time for maintaining accurate heading judgments. Thus, it is possible that reaction time studies might show some effect of attentional shifts in the heading task that is not seen with accuracy studies alone. However, even if this were so, it would not explain the differing results between the heading and object tasks. If the observers did show an increased reaction time when performing the two tasks together, it is unclear why this increased processing time would increase heading accuracy but not increase accuracy in the object task.
We cannot currently distinguish between these possible explanations of the results of Experiment 4: rapid attentional shifts, differences in difficulty, or temporal integration time. The result is intriguing, however, and further investigation could lead to valuable insights into the mechanisms underlying heading judgments.
Implications for Computational Models
As discussed in the introduction, several models are consistent with the idea that heading computations are done in parallel across the visual field without the need for focused attention for the most accurate judgments. Two types of models that would be consistent with this are the template models of Perrone and Stone (1994) and Warren and Saunders (1995) or the vector subtraction model of Hildreth (1992) . All of these models use all the information available in the visual scene to estimate heading. Thus, there is no need to focus additional computational resources on one particular region of the flow field (e.g., the region around the FOE). The idea that heading is processed globally is also consistent with the results of Dyre and Andersen (1997) , who showed that asymmetries in the flow field can affect heading judgments. The results of Experiment 4, however, suggest that one should be careful in concluding this. The fact that accurate heading judgments may require more time when attention is not focused on the heading task suggests that the most accurate heading judgments may involve sequential processing. The model suggested by Royden and Hildreth (1996) , in which an initial rough estimate is subsequently finetuned using information near the estimated FOE, would be consistent with this result.
Relation to Physiology
Because all responses in these experiments ultimately depend on the underlying neuronal mechanisms, it is instructive to consider the underlying physiology of the visual areas thought to be involved in computing heading and object motion. It seems likely that information concerning both heading and object motion is analyzed in the medial superior temporal area (MST) of visual cortex. Heading is thought to be processed in the dorsal region (MSTd), because cells in that area have large re-ceptive fields and prefer stimuli that are similar to the flow fields generated by relative motion between an observer and an object or scene, such as expanding, contracting, or rotating stimuli, or stimuli that move laterally (Duffy & Wurtz, 1991a , 1991b Graziano, Andersen, & Snowden, 1994; Saito et al., 1986; Tanaka, Fukada, & Saito, 1989; . This receptive field organization is consistent with the idea that processing of heading occurs in parallel across the visual field.
In contrast to MSTd, neurons in the lateral part of MST (MSTl) are thought to process object motion because they have smaller receptive fields than those in MSTd and respond well to small spots of light Newsome, Wurtz, & Komatsu, 1988) . Perhaps these neurons are more sensitive to the focus of the observer's attention, with an enhancement of response when the observer attends to the location corresponding to the cell's receptive field. This would be consistent with our finding that the allocation of attention does affect the observer's ability to judge object motion. Treue and Maunsell (1996) recently reported that the response of directionally selective cells in superior temporal sulcus (STS), the region in which MT and MST are located, is affected by shifts in attention. They showed that when the two spots were both located within a cell's receptive field with one moving in the cell's preferred direction of motion and the other moving in the antipreferred direction, the cell responded more strongly when the monkey attended the spot that was moving in the preferred direction of motion. The fact that a shift of attention affects the firing of neurons in STS is consistent with the effect of attention that we see in our moving-object task. Thus, if the neurons observed by Treue and Maunsell were involved in computing object motion, these two results would be compatible. Unfortunately, it is unclear in their initial report whether there is a differential effect between the responses of cells in MSTd and MSTl. Because our experiments show that heading estimates are less affected by attentional focus than are judgments of object motion, we would predict that the responses of cells in MSTd are less affected by the attentional state of the monkey than are responses of cells in MSTl.
Summary
We have shown that when performing both a heading task and an object-motion task people's heading judgments are minimally affected by shifting attention to the object task, unless the duration of the stimulus is very short. For 400-msec trials, there was little difference in the observers' heading responses whether they paid attention to the heading task or to a 3-D object-motion task. In contrast, shifting attention away from the object task dramatically decreased accuracy in judging the direction of 3-D object motion. This suggests that judgments of heading are computed globally throughout the visual field, whereas judgments of object motion require more focused attention. Future experiments will help define how the visual system differentiates heading information from moving-object information and how this leads to the differing effects of attention.
